Vertebrate eye development is complex and requires early interactions between neuroectoderm and surface ectoderm during embryogenesis. In the African clawed frog, Xenopus laevis, individual eye tissues such as the retina and lens can undergo regeneration. However, it has been reported that removal of either the specified eye field at the neurula stage or the eye during tadpole stage does not induce replacement. Here we describe a model for investigating Xenopus developmental eye repair. We found that tailbud embryos can readily regrow eyes after surgical removal of over 83% of the specified eye and lens tissues. The regrown eye reached a comparable size to the contralateral control by 5 days and overall animal development was normal. It contained the expected complement of eye cell types (including the pigmented epithelium, retina and lens), and is connected to the brain. Our data also demonstrate that apoptosis, an early mechanism that regulates appendage regeneration, is also required for eye regrowth. Treatment with apoptosis inhibitors (M50054 or NS3694) blocked eye regrowth by inhibiting caspase activation. Together, our findings indicate that frog embryos can undergo successful eye repair after considerable tissue loss and reveals a required role for apoptosis in this process. Furthermore, this Xenopus model allows for rapid comparisons of productive eye repair and developmental pathways. It can also facilitate the molecular dissection of signaling mechanisms necessary for initiating repair.
Introduction
Regeneration, the ability to replace lost body parts in response to injury, is found in diverse animals. The processes that regulate tissue and organ regeneration are beginning to be understood. However, the reasons for variable capabilities amongst even similar species remain unknown (Agata and Inoue, 2012 ). An organ that has been studied extensively for its regenerative potential is the eye. The eye is an excellent model especially since its structure is mostly similar between different vertebrate species. Understanding how regeneration occurs in different contexts can provide fundamental insights for stem cell biology, reprogramming, and cell plasticity.
An animal that has high regenerative capabilities is the South African clawed frog, Xenopus laevis (Beck, 2012) . The Xenopus tadpole is a well-established model for studying eye regeneration (BarbosaSabanero et al., 2012; Del Rio-Tsonis and Tsonis, 2003; Henry et al., 2008; Tseng, 2017) . Its eye has the same structures as found in other vertebrates, including the neural retina, lens, cornea, and pigmented epithelium. Several components of the Xenopus eye regenerate after injury. Surgical excision of the tadpole or adult neural retina induced regeneration through activation of retinal progenitor cells and/or transdifferentiation of the retinal pigmented epithelium (Martinez-De Luna et al., 2011; Vergara and Del Rio-Tsonis, 2009; Yoshii et al., 2007) . Similarly, removal of the lens also resulted in regeneration through transdifferentiation of the corneal epithelium cells (Day and Beck, 2011; Freeman, 1963; Hamilton et al., 2016) .
Most eye repair studies have focused on understanding the regeneration of mature tissues such as the retina and lens. However, the repair capabilities of Xenopus embryos have not been investigated in detail. This may be in part due to the complex coordination of tissue interactions that is required for eye formation. After eye field specification during Xenopus neurulation, interactions between two tissues, the neuroectoderm (an outgrowth of the developing brain) and the surface ectoderm are required to form the eye properly (Heavner and Pevny, 2012) .
There have been examinations of the regrowth ability of the Xenopus eye in embryos and tadpoles. Several studies found that after partial eye removal during late embryonic and tadpole stages, eye size recovered during a span of several weeks prior to adulthood (Berman and Hunt, 1975; Feldman et al., 1975; Wunsh and Ide, 1990) . Other reports indicated that eye growth did not occur after surgical ablation in Xenopus, nor Rana (leopard frog) embryos (Constantine Paton and Ferrari-Eastman, 1981; Currie and Cowan, 1974; Wetts et al., 1993) . More recently, it was found that if an eye https://doi.org/10.1016/j.exer.2018.01.007 Received 1 September 2017; Received in revised form 5 January 2018; Accepted 9 January 2018 anlagen is excised from the neurula (developmental stage (st.) 15) embryo, then no eye is made (Viczian et al., 2009; Zuber, 2010) . Interestingly, if the excised eye field tissues were then transplanted into another region of the embryo or cultured in vitro, then they developed into an eye (Zuber, 2010) . This result showed that the specified eye anlagen can form the correct structure independent of additional signals. The consequences of the removal of a late tailbud embryo eye have also been investigated at st. 33 and st. 40. The embryo developed normally but with a missing eye (Blackiston and Levin, 2013; Sedohara et al., 2003) . Together, these recent reports indicated that excision of immature eye tissues results in a failure of the embryo to regrow the lost structures. However, a common view is that regenerative capacity is highest during early life stages and decreases with increasing age. To further assess the eye repair capacity of Xenopus during development, we tested st. 27 early tailbud embryos and found that there is successful regrowth of the eye after surgical loss of tissues.
Materials and methods

Embryo culture and surgery
Embryos were obtained via in vitro fertilization and were raised in 0.1X Marc's Modified Ringer (MMR, 0.1 M NaCl, 2.0 mM KCl, 1 mM MgSO 4 , 2 mM CaCl 2 , 5 mM HEPES, pH 7.8) medium (Sive et al., 2000) . The eye assay was based on published surgical techniques (Holt, 1980) . Embryos at stage (st.) 27 (Nieuwkoop and Faber, 1994) were anaesthetized with MS222 (Sigma). Surgery was performed using fine surgical forceps (Dumont No. 5 ). An initial cut is first made in the skin surrounding the protruding eye cup and overlying lens placode. The cut is continued around the raised outline of the eye and the protruding tissues are removed. For sham surgery, incisions are made around the perimeter of the raised eye structure but tissues are not excised. After surgery, embryos were transferred into 0.1X MMR, allowed to recover, and then cultured at 22°C for 1-5 days. The contralateral eye of the embryo served as an internal control. For transplantation assay, a small incision was made at the posterior end along the body axis. The removed eye tissues from the same embryo were grafted to the incision site. Embryos were cultured at 22°C for 4-5 days.
For chemical treatment, M50054 and NS3694 (Millipore, EMD Biosciences) were used. After experimental surgery at st. 27 and a brief recovery time, embryos were transferred to medium containing the chemical for 24 h. After chemical treatment was completed, embryos were incubated in two changes of medium to remove the inhibitor. Eye regrowth was assayed at 5 days.
Embryo sectioning, histology and immunofluorescence microscopy
Animals were fixed overnight at 4°C in MEMFA (100 mM MOPS (pH 7.4), 2 mM EGTA, 1 mM MgSO 4 , 3.7% (v/v) formaldehyde) (Sive et al., 2000) . For histology or immunostaining, embryos were dehydrated in ethanol, and embedded in Paraplast X-TRA, deparaffinized in xylene, rehydrated in graded ethanol, and stained with hematoxylin and eosin according to (Liu and He, 2013) . Paraffin or sucrose embedded tissues were sectioned at 10 μm thickness using a Tissue-Tek Accu-Cut Rotary Microtome. For agarose sectioning, embryos were fixed immediately after surgery in MEMFA and processed as according to (Blackiston et al., 2010) . Embryos and tadpoles were embedded in 4-6% agarose and sectioned into 50 μm slices using a Leica vt1000s vibratome.
Wholemount embryos and sections were stained with primary antibodies including: Xen1 (pan-neural antibody, 1:100 dilution, Developmental Studies Hybridoma Bank), anti-Islet-1 (retinal ganglion cells and inner nuclear cell layer, 1:200 dilution, Developmental Studies Hybridoma Bank), anti-Glutamine Synthetase (Müller glia, 1:500 dilution, Sigma-Aldrich), anti-Laminin (basal lamina, 1:300 dilution, Sigma-Aldrich), anti-Calbindin-D-28K (cone photoreceptor, 1:500 dilution, Sigma-Aldrich), anti-Rhodopsin (rod photoreceptor, 1:200 dilution, EMD Millipore), anti-phospho Histone H3 (mitosis marker, 1:500 dilution, EMD Millipore), and anti-activated Caspase-3 antibody (cleaved Caspase-3, 1:300 dilution, Cell Signaling). Alexa fluor conjugated secondary antibodies were used at 1:1000 dilution (Thermo Fisher Scientific). DAPI (4′,6-Diamidino-2-Phenylindole, Dihydrochloride, Sigma-Aldrich) and TO-PRO-3 (Molecular Probes) were used for DNA staining.
Assessment of eye surgery and regrowth
To quantify tissues remaining after surgery, embryos were fixed and the entire head of the animal was sectioned. The embryonic eye was defined as the area immunostained with the neural marker Xen1 and the boundaries highlighted by anti-laminin antibody, indicating the basement membrane surrounding the eye. For each embryo, 2-3 agarose sections of 50 μm thickness were generated. The section containing the largest amount of eye tissues remaining after surgery was measured (in μm) and compared to the area of the contralateral control eye to calculate the percentage of tissue removed in the left eye. To quantify eye regrowth, paraffin sections through the head were stained with hematoxylin and eosin to visualize eye structures. The section containing the largest area of eye tissues was selected from each animal and the eye region on the left (surgery) and right (unoperated control) were measured.
For mitotic counts, all agarose sections were quantified to determine the number of phospho-Histone H3 positive cells in the eye tissues. Images were acquired at the same exposure. The total area for each eye was calculated by measuring the surface area for each eye section and summing the measurements. The total mitotic counts for each eye was then normalized to the total area. The same method was used to assess the number of activated Caspase-3 positive cells in the regrowing control and treatment groups.
To compare the quantity and quality of regrowth in operated eyes versus control eyes, we developed a Regrowth Index (RI) similar to one previously described for tail regeneration (Tseng et al., 2010 ) (Supplemental Fig. 1 ). Each regrown eye was scored based on four phenotype categories: full regrowth of an eye (with lens) comparable to an unoperated control eye in structure; partial -minor abnormalities including misshapen and reduction in eye size or incomplete closure of the choroid fissure; weak -no lens and severely reduced and/or malformed eye with most tissues missing; and none -no regenerated tissues visible (See Supplemental Fig. 1 ). Based on the calculation of the percentage of the number of individuals grouped to each category, each category is then multiplied by 3 (full), 2 (partial), 1 (weak), or 0 (none). The resulting number is a value ranging from 0 to 300, constituting the RI. A value of 0 denotes no regeneration in any of the individuals in the group, while a value of 300 denotes full regeneration in 100% of individuals in a dish.
Microscopy
Images of whole animals and histological sections were obtained using a Zeiss V20 stereomicroscope with an AxioCam MRc camera. Immunostained tissues were imaged on a Nikon A1R confocal laser scanning microscope (UNLV Confocal and Biological Imaging Core) or a Zeiss Axio Imager 2 microscope. All acquired images were analyzed and/or processed using ZEN Image Analysis software or the opensource FIJI imaging software (Schindelin et al., 2012) .
Statistical analysis
To compare eye regrowth experiments, raw data from scoring was used. Comparison of two treatments was analyzed with Mann-Whitney U test for ordinal data with tied ranks, using normal approximation for large sample sizes. Multiple treatments were compared using a KruskalWallis test, with Dunn's Q corrected for tied ranks. All other experiments were analyzed using a Student's t-test.
Results
Tailbud embryo is capable of eye regrowth
To determine whether Xenopus embryos can undergo eye repair, eye tissues of the tailbud embryo at developmental stage (st.) 27 were surgically removed using fine forceps to cut around the raised eye structure followed by tissue excision. At 24 h timepoints, the repair response was assessed morphologically (Fig. 1) . After surgery, an open wound was seen where the eye tissues were removed (Fig. 1E ). The wound began to contract within 30 min and was mostly closed by 3 h. After 1 day, the embryo reached approximately st. 33/34 (Fig. 1B and F) . At this timepoint, the normal and uninjured developing eye of the st. 33/34 embryo was larger and outlined by the black retinal pigmented epithelium (RPE) with a lens vesicle at the center (open arrow, Fig. 1B ). In addition, the choroid fissure had begun to close. At the injury site of the 1 day post surgery (dps) embryo, a small eye structure surrounded by RPE was present with a gap in the choroid fissure (Fig. 1F) . By 2 days, the embryo was now at st. 39/40 and its eye had increased in size. For the regrowing eye, the 2 dps structure was more similar in size and morphology to st. 33/34 normal eye, indicating that there was a delay in retinal formation. By 5 dps, the new eye grown at the surgery site (referred to as the "regrown eye") was comparable to the control eye in age-matched siblings (93% regrowth after surgery, n > 100; st. 46/47, swimming tadpole stage) (Fig. 1H) . Together, our data indicated that the tailbud embryo can undergo successful repair to regrow an ageappropriate eye after mechanical injury. Notably, the overall developmental rate and head structures of the injured embryos were similar to the unoperated sibling animals. Thus, the injury did not delay normal development.
Assessment of eye surgery and regrowth
To quantify the extent of tissue removal after surgery, antibody markers recognizing neural tissues (Xen1, a pan-neural antibody) and the basement membrane (an anti-laminin antibody) were used to visualize the head structure of transverse sections through the injury site (Fig. 1I ). The Xen1 antibody marks neural tissues in st. 34 embryos (Ruiz i Altaba, 1992). Our data showed that it also identified the developing neural tissues in the st. 27 embryos including the brain and eye cup (Fig. 1I , red signal). An antibody to laminin clearly demarcated the basement membrane that surrounds the eye cup (Fig. 1I , green signal) (Lunardi et al., 2006) . Digital imaging and quantification showed that on average 83% of the eye tissues (eye cup and lens placode) were removed by the surgery on the left eye (yellow arrowhead) of the embryo as compared to the contralateral uninjured control right eye (open arrowhead, n = 37, p < 0.01). Of the surgeries examined, 17 cases showed an absence of Xen1 or anti-laminin signal at the expected location of the eye (Fig. 1I , yellow arrow compared to uninjured control -open arrow). Together, our data indicated that most of the eye tissues can be removed while still enabling regrowth.
It has been shown that transplantation of the Xenopus st. 15 or st. 22 eye primordium to the posterior region of the embryo leads to formation of an eye at the ectopic site (Blackiston and Levin, 2013; Zuber, 2010) . We assessed whether or not the eye tissues excised during surgery are sufficient to form eye structures by transplanting them to the flank of the same embryo. Indeed, the morphology of the ectopic eyes grossly indicated that they have a lens and retinal pigmented epithelium (RPE) (Fig. 1J , n > 20). To further examine the internal structure of the ectopic eye, we performed histological analyses. Hematoxylin and eosin staining of sections through an ectopic eye showed that they are capable of forming an eye structure that contained a lens, RPE, and retinal layers (Fig. 1K , n > 20). Although this data did not show that the ectopic eye is the same as a normal eye, it demonstrated that sufficient tissues were excised to enable eye development outside of the head region.
Formation of the regrown eye
A first step towards understanding embryonic eye regrowth is to define the ordered steps in this process. During Xenopus eye development, the start of retinogenesis at st. 24 coincides with a decrease in proliferation of the retinal progenitor cells (Holt, 1980) . We hypothesized that differentiation is delayed and proliferation is increased after injury. At st. 27, the embryonic eye contains an eye cup and a differentiating lens placode (Nieuwkoop and Faber, 1994) . As much of eye C.X. Kha et al. Experimental Eye Research 169 (2018) 38-47 development occurs internally, we used histology to examine the cellular changes at the injury site after surgery ( Fig. 2A-F) . At 1 dps, the embryo had reached st. 33/34, stages when the individual tissue layers of the neural retina began forming (Holt et al., 1988 ) ( Fig. 2A) . At this timepoint, the regrowing eye was significantly smaller (57% of agematched control, n = 7, p < 0.01; Fig. 2G ) and lacked stratification (Fig. 2D) . By 2 dps, the regrowing eye had increased in size and was on average 84% of its age-matched control (Fig. 2G , n = 5, p < 0.05). C.X. Kha et al. Experimental Eye Research 169 (2018) 38-47 Retinal layer formation appeared to be delayed as the overall structure was more similar to a younger stage (Fig. 2E) . By 3 dps, the regrowing eye had largely recovered to an age-appropriate size and its neural retina is comparable in structure to the uninjured control eye (n = 6, p > 0.05, compare Fig. 2F and C) . The restoration of eye size could result from proliferation at the injury site or nearby cells. To examine proliferation after injury, we assayed cell cycle progression in the regrowing tissues using a known marker of mitosis, anti-phospho-Histone H3 antibody (Saka and Smith, 2001) . We counted the number of phospho-Histone H3-positive cells and normalized the counts for area. At each timepoint, mitotic counts for the right and left eyes of control (no surgery) embryos were comparable (Supplemental Fig. S2 ). In contrast, when the regrowing eye was compared to its contralateral control, there were significant increases in mitotic cell counts during the first 24 hours post surgery (hps) (Fig. 2H) . At 6 hps, the regrowing eye showed an increase in mitotic cells (0.45 mitosis per 10 −3 μm 2 area) as compared to the contralateral uninjured eye (0.23 mitosis per 10 −3 μm 2 area, n > 5, p < 0.01) (Fig. 2H) . At 12, 18, and 24 hps, there were more than double the number of mitoses in the regrowing eye as compared to the contralateral control (Fig. 2H ). To confirm that the observed increase in proliferation was due to regrowth and not due to mechanical injury of the eye region, we performed additional controls and assessed mitotic counts at 24 hps ( There was a similar increase in mitoses in the regrowing eye region when surgery was performed on the right side ( Fig. 2I bottom row, and Fig. 2J ). Interestingly, there appears to be a decrease in the number of mitoses in the uninjured contralateral eye as compared to normal embryos (Fig. 2J) . Together, our data demonstrated that there is a regrowth-specific increase in proliferation in the injured eye. However, this result does not preclude the possibility that there is also increased proliferation in the surrounding area.
Regrown eyes have the expected structure
To assess whether the regrown eye is structurally similar to a normal eye, we examined the eye structure and cellular composition using histology and tissue markers during the swimming tadpole stage, when the eye is considered to be mature and contained the complement of tissues seen in the adult. Histological sections of regrown eyes at 5 dps showed the same overall morphological structure and tissue layers (including retinal pigmented epithelium, retina, lens, and cornea) as found in control uninjured eyes (Fig. 3A) . Using antibody markers that identify retinal cell types, our data showed that the expected retinal cell layers expressed Calbindin and Rhodopsin -markers of cone and rod photoreceptors (Fig. 3B ), Islet1 -a marker of retinal ganglion cells (Fig. 3C) , and Glutamine Synthetase -a marker of Müeller glial cells (Fig. 3D) . Together, our results indicate that the regrown eye was highly similar to a normal, mature tadpole eye.
As the regrown eye was morphologically normal, it may be able to transmit visual data. To assess whether the regrown eye is connected to the brain, we examined the optic nerve, the structure that transmits visual information from the retina to the brain (Fig. 4A) . We found that the pan-neural antibody, Xen1, identified the optic nerve in tadpoles (Fig. 4B, white arrow) . In the regrown eye, the optic nerve innervated into the brain similar to the contralateral control eye, demonstrating that new tissues were likely integrated (Fig. 4A , white arrow indicates optic nerve; left-side yellow arrowhead shows regrown eye, n > 30).
Together, our data indicated that the regrowth after surgery restores the eye to a similar age, size, and structure, to the control, unoperated eye by 5 days.
Young swimming Xenopus tadpoles show a strong preference for swimming in a white background over a black background (Moriya et al., 1996) . Blind tadpoles lose this ability for background preference (Viczian et al., 2009 ). This natural visual preference has been used as an assay to test visual response. To grossly assess the potential for visual response of the regrown eyes in swimming tadpoles, we used a behavioral assay as described in (Viczian and Zuber, 2014) . This assay tests whether tadpoles can distinguish between white and black color backgrounds. In our assay, normal uninjured tadpoles spent > 95% of the time swimming in the white background (Supplemental Fig. S3 , n = 10). We then examined the swimming preference of tadpoles with one eye. First, we performed surgeries at st. 27 to remove the left eye tissues and then allow regrowth to occur. To test if tadpole visual preference is due to the regrown eye, we then removed the uninjured contralateral (right) eye at st. 40 and did the same for the control siblings. Consistent with previous studies, we observed that eye removal at st. 40 does not induce replacement (Blackiston and Levin, 2013) . The removal of the right eye at st. 40 did not affect the regrowth of the left eye. Our data showed that tadpoles with a regrown eye preferred to swim in the white background, similar to control tadpoles with only one unoperated eye (88.2% time spent in white background as compared to 88.4% time spent in white for one-eye controls, n = 10 per condition, p > 0.5, Supplemental Fig. S3 and Supplemental Video S4). In contrast, blind tadpoles (both eyes removed at st. 40) showed no preference for the white background (Supplemental Fig. S3 , n = 10, p < 0.01 as compared to other groups). Thus the regrown eye showed background color preference. Of note, this behavior could potentially be due to contributions from remnant st. 27 eye cells after surgery.
Inhibition of apoptosis blocks regrowth
An ongoing focus in regeneration biology is understanding the use of developmental and/or regeneration mechanisms to regrow body structures. It is not known which signals are required for eye regrowth after injury. We sought to determine whether regenerative mechanisms are used for this regrowth process. Apoptosis, programmed cell death, is known to be required for regeneration in a diverse group of animals (Gauron et al., 2013; Li et al., 2010; Pellettieri et al., 2010; Ryoo and Bergmann, 2012; Tseng et al., 2007) . It is also a key participant in retinal development and maturation (Gaze and Grant, 1992; O'Driscoll et al., 2006; Walker and Harland, 2009 ). In contrast, apoptosis does not appear to play a required role in initiating eye formation. Inhibition of developmental apoptosis in Xenopus embryos by ectopic expression of the anti-apoptotic gene, Bcl-xL, did not lead to abnormalities (Johnston et al., 2005) . We assessed whether apoptosis plays a role in embryonic eye regrowth. First, we examined if apoptosis is present during regrowth. Apoptosis is commonly visualized by using an antibody marker that detects activated Caspase-3, an effector caspase in the cell death cascade (Hayashi et al., 2014; Love et al., 2014; Sîrbulescu and Zupanc, 2009; Tseng et al., 2007) . To identify apoptotic cells in the regrowing eye tissues, we performed immunostainings with an established antiactivated Caspase-3 antibody that had been successfully used in Xenopus (Cervino et al., 2017; Wahl et al., 2015) . Four timepoints were examined in the first 24 hps. Consistent with previous studies, a low level of apoptosis was detected in the normally developing eye during st. 27 to st. 33/34 (Fig. 5A) (Hensey and Gautier, 1998) . In the regrowing eye, there was a significant increase in apoptotic cells as compared to the uninjured contralateral control at the timepoints assayed (Fig. 5A-B) . The highest number of apoptotic cells was seen at 18 hps. This data indicated that apoptosis is upregulated during eye regrowth and supported our hypothesis that it plays a role in this process.
To confirm that apoptosis is functionally required for eye regrowth, we performed chemical loss-of-function experiments. M50054 is a C.X. Kha et al. Experimental Eye Research 169 (2018) 38-47 known inhibitor of caspase-3 activation and has been shown to block DNA fragmentation and cell death in a number of cell types; it also rescues chemotherapy-induced alopecia (Tsuda et al., 2001) . Exposure of Xenopus tadpoles to 35 μM M50054 inhibited tail regeneration without disrupting overall development (Tseng et al., 2007) . Additionally, treatment with M50054 successfully blocked apoptosis and inhibited zebrafish fin and planarian head regeneration (Beane et al., 2013; Gauron et al., 2013) . We first titrated the chemical dosage to identify concentrations that enabled normal development and maintained viability of embryos as we did previously for studying tail regeneration (Tseng et al., 2007) . The embryos developed normally at dosages of 30 μM M50054 or less. After eye surgery, st. 27 embryos were treated with M50054 for 24 h and eye regrowth was examined at 5 dps. We found that embryos treated with either 17 or 28 μM M50054
showed a concentration-dependent inhibition in eye regrowth (Fig. 5C ). At 1 dps and 5 dps, the eye tissues in a DMSO-treated regrowing eye was much larger as compared to one exposed to the inhibitor (Fig. 5D) . We further assessed the quality of eye regrowth by calculating a Regrowth Index (RI, described in Methods and Supplemental Fig. S1 ) similar to one that we previously employed for tail regeneration (Tseng et al., 2010) . Control regrown eyes showed an RI of 288 (n = 96). Treatment with 17 or 28 μM M50054 resulted in an RI of 198 and 145, respectively (total n = 191, p < 0.01 as compared to control). To confirm that regrowth failure was due to apoptotic inhibition and not due to non-specific effects of M50054, we used a second known apoptosis inhibitor with a different mechanism of action. NS3694 is a diaylurea compound that inhibits apoptosis by blocking apoptosome- C.X. Kha et al. Experimental Eye Research 169 (2018) 38-47 mediated caspase activation (Lademann et al., 2003) . Exposure to NS3694 successfully inhibited appendage regeneration in both Xenopus and zebrafish by reducing apoptosis (Gauron et al., 2013; Tseng et al., 2007) . As with M50054, we found that treatment with NS3694 greatly reduced eye regrowth without affecting overall development. At 1 dps and 5 dps, the eye tissues in a DMSO-treated regrowing eye was much larger as compared to one exposed to the inhibitor (Fig. 5D ). Compared to control embryos (RI = 283, n = 46), treatment with 40 μM NS3694 for 24 h after surgery significantly inhibited eye regrowth ( Fig. 5E ; RI = 165, n = 121, p < 0.01), a 60% reduction in the regrowth index. A similar result was seen when embryos were treated with 30 μM NS3694 (RI = 158, n = 38, p < 0.01). In apoptosis, apoptosome formation is the first step required for the activation of the protease pathway used in programmed cell death (Riedl and Salvesen, 2007) . It occurs upstream of caspase activation. NS3694 inhibits apoptosome formation and thus would be expected to block caspase-3 activation. Indeed, treatment of embryos with NS3694 consistently reduced the number of activated caspase-3 labeled cells in the eye region by approximately 90% at four different timepoints assayed. (Fig. 5F-G) . Together, our data showed that treatment with known apoptosis inhibitors blocked eye regrowth via the inhibition of Caspase-3 activation.
Discussion
Our study revealed that Xenopus tailbud embryos are capable of successful eye repair after mechanical injury. Previous studies have shown that removal of half of the Xenopus laevis eye field during the neurulation stage resulted in a missing eye (Viczian et al., 2009; Zuber, 2010) . This observation suggested that eye field cells are unlikely to undertake repair. One possibility is that the neurula eye field surgery removed or damaged a cellular niche for eye induction whereas the st. 27 surgery is more localized (as the eye area is larger) and maintained the needed structures. Alternatively, the cellular source needed for regrowth does not exist at the neurula stage. The cells of the eye field are known to be multipotent and give rise to all cell types of the retina (reviewed in (Zaghloul et al., 2005) ). At st. 27, the heterogenous retinal progenitor cells represent the majority of the cells in the eye cup even though retinogenesis has begun at st. 24 (Holt et al., 1988; Wong et al., 2009) . Given the differing repair capabilities of eye cells at st. 15 and st. 27, there may be molecular changes in the eye progenitor cells after neurulation that enable the tailbud cells to restore eye structures.
The partial excision of the Xenopus embryonic or tadpole eye is a classical approach for examining the polarity and establishment of retinotectal connections (Berman and Hunt, 1975; Feldman et al., 1975; Holt, 1980; C. Straznicky et al., 1980) . Several studies reported that the partially injured late embryonic/young tadpole eye (st. 32-47) regrew to normal size by adulthood, a span of several weeks (Conway and Hunt, 1987; Feldman et al., 1975; Ide et al., 1983; Underwood et al., , 1993 . It was suggested that this regrowth may be due to proliferation from the ciliary margin zone (CMZ), a peripheral eye region bordering the retina where multipotent stem cells continue to produce retinal cells as part of normal eye growth during development (K. Straznicky and Gaze, 1971) . However, this hypothesis has not been examined. In this study, we found that removing the majority of eye tissues in the st. 27 tailbud embryo resulted in rapid regrowth to normal sized eye within 3-5 days (Fig. 1) . As the CMZ has not yet formed at st. 27, it is likely that the mechanisms that drive regrowth at st. 27 after surgery differ from regrowth at later stages.
There are key differences between our model and earlier studies that examined partial eye removal. Our surgical technique was modeled after the eye removal surgery performed in (Holt, 1980) where the overlaying lens epidermis is removed, which was not the case for earlier studies where partial fragments of the eye were left intact (Berman and Hunt, 1975; . Furthermore, those studies found recovery of eye size occurred before adulthood, over a span of approximately one month. However, the eye regrowth process that we are studying results in size and patterning recovery within only 5 days. This is a significantly faster timeframe and points to a potentially different mechanism for repair than for previous studies. These results suggest that the embryonic Xenopus eye is a powerful model for studying developmental eye repair. This model will allow for rapid comparisons of productive repair and developmental pathways in the eye. As Xenopus eye development is well-characterized, it will also facilitate the molecular dissection of developmental eye repair mechanisms.
A hallmark of retinal differentiation is that there is an intrinsic developmental clock for histogenesis. In Xenopus laevis, chemical inhibition of cell cycle progression during early eye development did not alter the timing of retinogenesis even though the number of eye progenitor cells was greatly reduced (Harris and Hartenstein, 1991) . Heterochronic mixing of Xenopus embryonic eye cells from different stages in vivo and in vitro also showed that differentiation timing was not changed and remained unresponsive to external cues (Rapaport et al., 2001 ). In our study, histological analyses showed that retinogenesis is delayed for at least a day during eye regrowth (compare Fig. 2A-B with Fig. 2D-E) . There is also increased mitotic activity at the same time (Fig. 2H) . Together, these data suggest that the developmental clock can be altered by injury and/or a proliferative response. Moreover, it is likely that reparative retinogenesis is of shorter duration as retinal layer formation catches up to normal developing eye within 3 days.
Apoptosis is known to be required for regeneration in multiple tissues including Xenopus tadpole and newt tails, zebrafish fin, hyrda, and mouse skin and liver (Chera et al., 2009; Gauron et al., 2013; Li et al., 2010; Ponomareva et al., 2015; Tseng et al., 2007) . The functional role of apoptosis in eye regeneration has not been investigated in detail. Apoptotic cells, identified by DNA fragmentation, were found during the early and late stages of retinal regeneration in adult newts (Kaneko et al., 1999) . Our study indicated that apoptosis regulates embryonic eye regrowth in Xenopus. We observed a significant increase in apoptosis in the regrowing eye throughout the first 24 h after injury. Treatment with apoptosis inhibitors for the first 24 h after surgery decreased the number of apoptotic cells significantly and was sufficient to block regrowth. However, addition of the inhibitors after 24 h had no effect. This temporal treatment data suggest that apoptosis is required early for the regrowth process, similar to tadpole tail regeneration. A candidate downstream effector driving regrowth could be the Wnt signaling pathway. In hydra, induction of apoptosis after midgastric bisection resulted in the secretion of Wnt3 to drive head regeneration (Chera et al., 2009) . In larval zebrafish, active Wnt signaling is required for regenerative proliferation after photoreceptor ablation (Meyers et al., 2012) . Further studies are needed to define the role of apoptosis during eye regrowth.
A longstanding question is to understand whether developmental organ regrowth in response to injury (known as regulation) is simply a C.X. Kha et al. Experimental Eye Research 169 (2018) 38-47 variation of development. Studies have demonstrated that organ regeneration utilizes a number of developmental mechanisms to restore damaged structures (King and Newmark, 2012; Tanaka and Ferretti, 2009; Tseng and Levin, 2008) . However, there are some differences between the two processes. First, developmental repair occurs only as a response to an unexpected injury that results in loss of body structure (s). Second, initiation of repair may require specific signals not used for normal developmental events. In this study, we found that apoptosis is needed for successful eye regrowth (Fig. 5) . Third, repair can occur at a different life stage than the specific developmental events. Thus, the C.X. Kha et al. Experimental Eye Research 169 (2018) 38-47 context and required tissue interactions are unlikely to be the same. Lastly, repair ability does not appear to follow phylogenetic relationships as for developmental processes such as embryogenesis (Agata and Inoue, 2012) . For example, even though planarian flatworms are thought to be highly regenerative, there are also species with limited capabilities (Lillie, 1901) . As vertebrate eye formation is well-understood, this Xenopus model represents an opportunity to rapidly define the similarities and differences between the regulation of eye regrowth and development. Further investigations may bring insights for understanding the intersection between developmental and regenerative mechanisms.
